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Abstract
The contributions to the cross section σtt¯ and to the forward-backward asymmetry A
tt¯
FB
of tt¯ production at the Tevatron from Z ′-boson and scalar leptoquarks S
(±)
a and scalar gluons
Fa predicted by the minimal model with four color quark-lepton symmetry are calculated.
These contributions are shown to be small in tree approximation and can be significant with
account of the 1-loop gtt¯ effective vertex induced by the scalar doublets. The lower mass
limit for scalar gluons mF & 320GeV from the Tevatron data is obtained and it is shown
that for mF1 . 990GeV the scalar gluon F1 can be evident at LHC at the significance not
less that 3σ (for
√
s = 14 TeV, L = 10 fb−1).
1 Introduction. Minimal Quark-Lepton Symmetry model.
The search for a new physics beyond the Standard Model (SM) is now one of the aims of the
high energy physics. One of the new physics can be induced by the possible four color symmetry
treating leptons as quarks of the fourth color [1]. This symmetry can be unified with the SM
by the gauge group
Gnew = Gc × SUL(2)× UR(1) (1)
where Gc is the group of the four color symmetry. The color group Gc can be the vectorlike
group Gc = SUV (4) or the general chiral group Gc = SUL(4) × SUR(4) or one of the special
groups of the left or right four color symmetry Gc = SUL(4)×SUR(3), Gc = SUL(3)×SUR(4).
The Minimal four color Quark-Lepton Symmetry model (MQLS-model) is based on the
gauge group
Gnew = SUV (4)× SUL(2)× UR(1) (2)
as on the minimal group containing the four color symmetry of quarks and leptons [2, 3].
According to this group in addition to gluons Gjµ, j = 1, 2, . . . , 8 and W±-, Z-bosons the
gauge sector predicts the new gauge particles: vector leptoquarks V ±αµ, α = 1, 2, 3 with charges
QemV = ±2/3 and an extra Z’-boson originating from the four color quark-lepton symmetry.
Fermion sector of the model
In MQLS-model quarks and leptons form the SUV (4)-quartets ψpaA, A = 1, 2, 3, 4, a = 1,
2, p = 1, 2, 3, . . .
ψ′p1A :
(
u′α
ν ′e
)
,
(
c′α
ν ′µ
)
,
(
t′α
ν ′τ
)
, · · ·
∗
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ψ′p2A :
(
d′α
e−′
)
,
(
s′α
µ−′
)
,
(
b′α
τ−′
)
, · · ·
where Q′L,Rpaα, ℓ
′L,R
pa are the basic left and right quark and lepton fields.
Each lepton have SUV (4) ”color” A = 4.
Fermion mixing in MQLS.
The basic left and right quark and lepton fields Q′L,Rpaα, ℓ
′L,R
pa can be written, in general, as
superpositions
Q′L,Rpaα =
∑
q
(
AL,RQa
)
pq
QL,Rqaα , l
′L,R
pa =
∑
q
(
AL,Rla
)
pq
lL,Rqa , (3)
of mass eigenstates QL,Rqaα , ℓ
L,R
qa . Here A
L,R
Qa
and AL,Rℓa are unitary matrices diagonalizing the
mass matrices of quarks and leptons respectively.
(ALQ1)
+ALQ2 ≡ CQ = VCKM is Cabibbo-Kobayashi-Maskawa matrix (ALℓ1)+ ALℓ2 ≡ Cℓ is the
analogous lepton mixing matrix ((Cl)+ = UPMNS)
(AL,RQa )
+AL,Rℓa ≡ K
L,R
a are the new mixing matrices which are specific for the models with
the four color symmetry.
The interaction of the gauge fields with the fermions has the form
Lgaugeψ = LVψ + LWψ + LQCDψ + LQEDψ + LNCψ , (4)
where
LVψ =
g4√
2
{(
Q¯paα
[(
KLa
)
pq
γµPL +
(
KRa
)
pq
γµPR
]
ℓqa
)
V αµ + h.c.
}
, (5)
LWψ =
g2√
2
{[
Q¯p1α
(
CQ
)
pq
γµPLQq2α + ℓ¯p1
(
Cℓ
)
pq
γµPLℓq2
]
W+µ + h.c.
}
, (6)
LQCDψ = gstGjµ
(
Q¯γµtjQ
)
, (7)
LQEDψ = −|e|Aµ
(
ψ¯γµQemψ
)
, (8)
LNCψ = −ZµJZµ − Z ′µJZ
′
µ . (9)
Features of Z ′-boson originating from the four color symmetry.
In general case the mass eigenstates Z and Z ′ are superposition of two basic fields Z1 and
Z2. In MQLS model the Z − Z ′ mixing angle is small (θm < 0.006) and we neglect below the
Z − Z ′ mixing believing Z ≈ Z1 and Z ′ ≈ Z2. The interaction of the neutral gauge fields with
the fermions has the form
LgaugeNC = −eZ1µJZ1µ −
e
cW
Z2µJ
Z2
µ , (10)
JZ1µ = f¯γµ(v
Z1
f + a
Z1
f γ5)f, (11)
JZ2µ = f¯γµ(v
Z2
f + a
Z2
f γ5)f,
with couplings
vZ2fa =
1
sS
√
1− s2W − s2S
[
c2W
√
2
3
(t15)f −
(
Qfa −
(τ3)aa
4
)
s2S
]
, (12)
aZ2fa =
sS√
1− s2W − s2S
(τ3)aa
4
. (13)
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The fermionic decays of Z ′ boson are defined by the coupling constants (13) and the corre-
sponding partial widths of Z ′ boson decays to faf¯a pairs for mfa ≪MZ′ have the form [4]
Γ(Z ′ → faf¯a) = NfMZ′ α
3
(
(vZ
′
fa )
2 + (aZ
′
fa )
2
)
, (14)
where the color factor Nf = 1(3) for leptons(quarks) f = l(q).
Writing the interaction of Z ′ boson with scalar field Φ as
LZ′ΦΦ = igZ′ΦΦZ ′µ (∂µΦ∗Φ− Φ∗∂µΦ) , (15)
where gZ′ΦΦ is the corresponding coupling constant for the width of Z
′ boson decay into ΦΦ˜
pair we have the expression
Γ(Z ′ → ΦΦ˜) = NΦMZ′
g2Z′ΦΦ
48π
(
1− 4m
2
Φ
M2Z′
)3/2
(16)
where NΦ is the color factor (NFa = 8 for scalar gluons, NS(±)a
= 3 for scalar leptoquarks,
NΦ′a = 1 for the additional colorless scalar doublet) and mΦ is a mass of the scalar particle.
The scalar gluons Fa and the scalar leptoquarks S
(±)
a gives the main contribution into Z ′
boson width of type (16). The coupling constants of these particles with Z ′ boson are predicted
by the MQLS model as
gZ′FaFa = −
e
2
σ
sW cW
, g
Z′S
(±)
a S
(±)
a
= −e
(
σ
2sW cW
± 2tW
3σ
)
, (17)
where tW = tan θW and σ = sW sS/
√
1− s2W − s2S .
The parameter sS is defined by the mass scaleMc ∼MV of the four-color symmetry breaking
and by the intermediate mass scale M ′ ∼ MZ′ . For example for M ′ ∼ 10TeV and for Mc =
104 TeV, 106 TeV, 108 TeV we have s2s = 0.070, 0.112, 0.154 respectively [2]. For numerical
estimations we use below the value s2s = 0.114 which corresponds to MZ′ ∼ 1 − 5TeV and
Mc ∼ 103 TeV . With these values of s2s and of the masses of scalar particles the relative total
width of Z ′−boson ΓZ′/MZ′ occurs to be equal to
ΓZ′/MZ′ = 4.3% (1.1%, 3.2%), 5.2% (2.0%, 3.2%), 5.3% (2.1%, 3.2%) (18)
forMZ′ of about respectively 1 TeV, 3 TeV, 5 TeV and above, the corresponding values of the
relative widths of the Z ′ decays respectively into scalar particles and into fermions are shown
in parenthesis.
The scalar sector contains in general four multiplets [2, 3, 5]
(4, 1, 1) : Φ(1) =
(
S
(1)
α
η1+χ(1)+iω(1)√
2
)
,
(1, 2, 1) : Φ(2)a = δa2
η2√
2
+ φ(2)a ,
(15,2,1) :Φ(3)a =
(
(Fa)αβ S
(+)
aα
S
(−)
aα 0
)
+Φ
(3)
15,at15, (19)
(15, 1, 0) : Φ(4) =
(
F
(4)
αβ
1√
2
S
(4)
α
∗
S
(4)
α 0
)
+ (η4 + χ
(4))t15,
transforming according to the (4,1,1)-,(1,2,1)-,(15,2,1)-,(15,1,0)- representations of the SUV (4)×
SUL(2) × UR(1)-group respectively. Here Φ(3)15,a = δa2η3 + φ(3)15,a, η1, η2, η3, η4 are the vacuum
expectation values.
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Third multiplet (15.2.1) interacts with quarks.
(15.2.1) : Φ(3) :
(
S
(+)
1α
S
(+)
2α
)
;
(
S
(−)
1α
S
(−)
2α
)
;
(
F1k
F2k
)
;
(
Φ
(3)
1,15
Φ
(3)
1,15
)
, (20)
where S
(±)
aα and Fak (k=1,2...8) are the scalar leptoquark and scalar gluons doublets. Φ
(3)
15 −Φ(2)-
mixing gives the SM Higgs doublet Φ(SM) and an additional Φ′ doublet. These scalar doublets
have the electric charges
Qem :
(
5/3
2/3
)
;
(
1/3
−2/3
)
;
(
1
0
)
;
(
1
0
)
.
In general
S
(+)
2α =
3∑
m=0
c(+)m Sm,
∗
S
(−)
2 =
3∑
m=0
c(−)m Sm,
where Sm are three physical leptoquarks with electric charge 2/3 and S0 is the Goldstone mode,
c
(±)
m are the elements of the unitary scalar leptoquark mixing matrix, |c(±)0 |2 = 13g24η23/m2V ≪ 1.
The experimental lower mass limits for the scalar leptoquarks from their direct search are [6]
mLQ & 250 GeV. (21)
The indirect data set the limits on the relations of scalar leptoquark coupling constants to
their masses.
In MQLS-model the leptoquark Yukawa coupling constants are (due their Higgs origin)
proportional to the ratios mf/η of the fermion masses mf to the SM VEV η. As a result these
coupling constants are known (up to mixing parameters) and are small for light quarks. So, the
indirect mass limits for MQLS scalar leptoquarks are weaker then those from direct searchers.
Mass limits for scalar gluons Fak.
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Figure 1: Cross sections of SS∗-,FF ∗-pair production at the Tevatron as functions of the masses
of scalar particles.
The partonic cross sections of scalar gluon pair production are known [7–9], which gives now
possibility to calculate cross section of scalar gluon pair production at the Tevatron in depen-
dence on scalar gluon mass. In these calculations we use PDF’s set AL’03 [10] (NLO, variable-
favor-number) with the K-factor chosen as K = 1.45 for consistency with theoretically predicted
dependence of σNLO(tt¯) on mt [11, 12].
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Our estimate for mass limits for scalar gluons Fa from direct searches at Tevatron is
mFa & 320 GeV. (22)
Possibility of the direct searches scalar gluon at the LHC
The production cross section of scalar gluons F at the LHC with masses mF . 1300GeV
is shown to be sufficient for the effective (Nevents & 100) production of these particles at the
LHC (L = 10 fb−1) [8].
At mF1 . 990GeV from analysis statistical significance the number of the signal tt¯bb¯ events
will exceed the SM background by 3σ (LHC L = 10 fb−1) [9].
The interaction of the fermions with the scalars.
The Yukawa interaction of the fermions with the scalar SUL(2)- doublets φ
(2) and φ
(3)
i has,
in general, the form
LY ukawaψ = −ψ¯′LpaA
[(
hb
)
pq
φ(2)ba δAB +
(
h′b
)
pq
φ
(3)b
ia
(
ti
)
AB
]
ψ′RqbB + h.c., (23)
where φ
(2)2
a = φ
(2)
a , φ
(2)1
a = εac(φ
(2)
c )∗, φ
(3)2
ia = φ
(3)
ia , φ
(3)1
ia = εac(φ
(3)
ic )
∗, i = 1, 2, . . ., 15, εac is
antisymmetrical symbol, hb and h
′
b are four arbitrary matrices.
After symmetry breaking this Lagrangian gives the arbitrary masses to the quarks and
leptons and gives the interactions of fermions with the scalar fields
LintΨ = Lχ(SM)ff + LΦ′ff + LFQQ + LSQl. (24)
h ∼ mf/η,
mu/η ∼ md/η ∼ 10−5,ms/η ∼ 10−3, mc/η ∼ mb/η ∼ 10−2,
mt/η ∼ 0.7. !!!
The interactions of the scalar leptoquarks S
(±)
aα with quarks and leptons:
L
S
(+)
1 uilj
= u¯iα
[
(hL+)ijPL + (h
R
+)ijPR
]
ljS
(+)
1α + h.c.,
L
S
(−)
1 νidj
= ν¯i
[
(hL−)ijPL + (h
R
−)ijPR
]
djαS
(−)
1α + h.c., (25)
LSmuiνj = u¯iα
[
(hL1m)ijPL + (h
R
1m)ijPR
]
νjSmα + h.c.
LSmdilj = d¯iα
[
(hL2m)ijPL + (h
R
2m)ijPR
]
ljSmα + h.c.
The interactions of the scalar gluons with quarks:
LF1uidj = u¯iα
[
(hLF1)ijPL + (h
R
F1)ijPR
]
(tk)αβdjβF1k + h.c.,
LF2uiuj = u¯iα
[
(hL1F2)ijPL
]
(tk)αβujβF2k + h.c., (26)
LF2didj = d¯iα
[
(hR2F2)ijPR
]
(tk)αβdjβF2k + h.c.
Scalar leptoquarks S
(±)
1 , Sm couplings to fermions:
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(hL+)ij =
√
3/2
1
η sin β
[
mui(K
L
1 Cl)ij − (KR1 )ikmνi(Cl)kj
]
,
(hR+)ij = −
√
3/2
1
η sin β
[
(CQ)ikmdk(K
R
2 )kj −mlj(CQKL2 )ij
]
,
(hL−)ij =
√
3/2
1
η sin β
[
(
+
KR1 )ikmuk(CQ)kj −mνj(
+
KL1 CQ)ij
]
, (27)
(hR−)ij = −
√
3/2
1
η sin β
[
(Cl
+
KL2 )ijmdj − (Cl)ikmlk(
+
KR2 )kj
]
,
(hL,R1m )ij = −
√
3/2
1
η sin β
[
mui(K
L,R
1 )ij − (KR,L1 )ijmνj
]
c(±)m ,
(hL,R2m )ij = −
√
3/2
1
η sin β
[
mdi(K
L,R
2 )ij − (KR,L2 )ijmlj
]
c(∓)m ,
where β is Φ
(2)
a −Φ(3)15 mixing angle in MQLS model, tgβ = η3/η2, CQ = VCKM , Cl = UPMNS
and KL,Ra = (A
L,R
Qa
)+AL,Rla are the mixing matrices specific for the MQLS model.
Scalar gluons Fa couplings to fermions:
(hLF1)ij =
√
3
1
η sin β
[
mui(CQ)ij − (KR1 )ikmνk(
+
KL1 Cl)kj
]
,
(hRF1)ij = −
√
3
1
η sin β
[
(CQ)ijmdi − (ClKL2 )ikmlk(
+
KR2 )kj
]
,
(hL1F2)ij = −
√
3
1
η sin β
[
muiδij − (KR1 )ikmνk(
+
KL1 )kj
]
, (28)
(hR2F2)ij = −
√
3
1
η sin β
[
mdiδij − (KL1 )ikmlk(
+
KR1 )kj
]
,
(hR1F2)ij = 0,
(hL2F2)ij = 0.
The largest couplings h ∼ mt/η:
S
(+)
1 t¯τ : (h
L
+)33 =
√
3/2
mt
η sin β
(KL1 Cl)33,
S
(−)
1 ν¯τ b : (h
L
−)33 =
√
3/2
mt
η sin β
(
+
KR1 )33(CQ)33, (29)
Smt¯ντ : (h
L,R
1m )33 = −
√
3/2
mt
η sin β
(KL,R1 )33c
(±)
m ,
F1t¯b : (h
L
F1)33 =
√
3
mt
η sin β
(CQ)33,
F2t¯t : (h
L
1F2)33 = −
√
3
mt
η sinβ
.
mt/η ∼ 0.7!
2 tt¯ Production at the Tevatron
With account these large couplings of scalars with t-quarks, scalar leptoquarks and scalar gluons
may give significant contribution in tt¯-quark production at Tevatron.
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The latest CDF data on cross section and forward-backward asymmetry of the tt¯ production
at the Tevatron CDF [14,15]
σtt¯ = 7.5± 0.31(stat) ± 0.34(syst)± 0.15(lumi)pb, (30)
Att¯FB = 0.193 ± 0.065 (stat)± 0.024 (sys). (31)
σtt¯ SM prediction [11]:
σSMtt¯ = 7.35
+0.38
−0.80 (scale)
+0.49
−0.34 (PDFs)[CTEQ6.5] pb÷ (32)
7.93 +0.34−0.56 (scale)
+0.24
−0.20 (PDFs)[MRST2006nnlo] pb.
Att¯FB SM prediction [16]:
Att¯FB = 0.051(6), (33)
Att¯FB =
Nt(cos θ > 0)−Nt(cos θ < 0)
Nt(cos θ > 0) +Nt(cos θ < 0)
. (34)
The measured at CDF forward-backward asymmetry has significant (≈ 2σ) deviation from
predictions [16]. This may be indication of new physics.
The LO parton subprocesses of pp¯→ tt¯ in SM are described by diagrams at Fig. 2 of order
α2s.
q
q¯
t
t¯
g
Figure 2: Partonic subprocesses qq¯ → tt¯, gg → tt¯
The well-known pp¯→ tt¯ LO cross sections have form
dσ(qq¯ → tt¯)
d cos θˆ
=
α2sπβ
9sˆ
(
1 + β2c2 + 4m2t/sˆ
)
, (35)
σ(qq¯ → tt¯) = 4πα
2
sβ
27sˆ
(
3− β2) ,
dσ(gg → tt¯)
d cos θˆ
= α2s
πβ
6sˆ
(
1
1− β2c2 −
9
16
)(
1 + β2c2 + 2(1 − β2)− 2(1 − β
2)2
1− β2c2
)
, (36)
σ(gg → tt¯) = πα
2
s
48sˆ
[(
β4 − 18β2 + 33) log(1 + β
1− β
)
+ β
(
31β2 − 59)] ,
where c = cos θˆ, θˆ is the scattering angle of t-quark in the parton center of mass frame, sˆ is
the invariant mass of tt¯ system, β =
√
1− 4m2t/sˆ.
No sources of order α2s for the forward-backward asymmetry.
MQLS model contributions in tt¯ production
In MQLS there are three kind of contributions in tt¯-production.
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1. Z’ tree s-channel process,
2. Scalar gluons tree processes,
3. 1-loop gtt¯ effective vertex.
Z’ tree s-channel process
q
q¯
t
t¯
γ, Z, Z ′
Figure 3: Subprocess qq¯
γ, Z,Z′→ tt¯
Partonic subprocess qq¯
γ, Z,Z′→ tt¯ is pictured at Fig. 3. Because initial quarks have singlet
color state these diagrams do not interfere with octet state QCD tree processes.
We obtain differential cross section of qq¯
γ, Z,Z′→ tt¯ with account masses of final t-quarks in
the form
dσ(qq¯
γ, Z,Z′→ tt¯)
d cos θˆ
=
πα2emsˆβ
2
∑
i,j=γ,Z,Z′
KijRe(Pi(sˆ)P
∗
j (sˆ)), (37)
cos θˆ ≡ c.
Here,
Kij = Aij
(
2 + β2(c2 − 1)) +Bijβ2(c2 + 1) + 2Cijβc,
Aij = (a
q
i a
q
j + v
q
i v
q
j )v
t
iv
t
j ,
Bij = (a
q
i a
q
j + v
q
i v
q
j )a
t
ia
t
j, (38)
Cij = (a
q
i v
q
j + v
q
i a
q
j)(a
t
iv
t
j + v
t
ia
t
j),
Pi(sˆ) =
1
sˆ−M2i + iMiΓi
,
vqi , a
q
i – vector and axial-vector couplings of q-quark with i-th neutral boson.
For MZ′ > 1.4 TeV (current experimental limit [4, 6]), contributions of Z
′ to cross section
and FB asymmetry of the tt¯ production is small due smallness of couplings
∆σ(pp¯→ tt¯) ∼ +0.05 ÷ 0.1 pb, (39)
∆Att¯FB ∼ +0.003. (40)
Scalar gluons tree processes
Contributions of diagrams at Fig. 4 are suppressed by factors m2q/sˆ or |(VCKM)i3|4
∆σ(pp¯→ tt¯) ∼ 0.0001 pb, (41)
∆Att¯FB ∼ 10−6. (42)
1-loop gtt¯ effective vertex
8
Fa Fa
σ ∼ m2q/sˆ σ ∼ |(CQ)i3|
4
Figure 4: s- and t-channel diagrams of qq¯ → Fa → tt¯.
F2
t
t
t
F2
F2
τ
S
(+)
1
S
(+)
1
b
F1
F1
ν
τ
S
(±)
2
S
(±)
2
F1
b
b
Figure 5: 1-loop main contributions into effective gtt¯-vertex in MQLS-model.
The significant contributions to tt¯ production may arise from loop corrections to the gtt¯-
vertex.
Following the parametrization in Ref. [17,18], the effective matrix element of gtt¯, including
the one-loop corrections, can be written as
− igsT au¯tΓµvt¯, (43)
with
Γµ = (1 + α)γµ + iβσµνqν + ξ
(
γµ − 2mt
sˆ
qµ
)
γ5. (44)
where the loop-induced form factors α, β and ξ are usually refereed as the chromo-charge,
chromo-magnetic-dipole and chromo-anapole, respectively. Here, gs is the strong coupling
strength, T a are the color generators, q = pt + pt¯, and sˆ = q
2. After summing over the fi-
nal state and averaging over the initial state colors and spins, the partonic total cross section
of qq¯ → g → tt¯ is [17]
σˆ =
8πα2s
27sˆ2
√
1− 4m
2
t
sˆ
{
sˆ+ 2m2t + 2Re
[
(sˆ+ 2m2t )α+ 3mtsˆ β
]}
, (45)
where αs ≡ g2s/(4π), and Re denotes taking its real part. In MQLS-model main 1-loop contri-
butions into effective gtt¯-vertex are described by diagrams at Fig.5. The parameters α, β can
be calculated using the diagrams shown in Fig. 5 and the coupling constants (27-28).
3 Summary
• The contributions to the cross section σtt¯ and to the forward-backward asymmetry Att¯FB
of tt¯ production at the Tevatron from new Z ′,S(±)a , Fa particles predicted by the MQLS-
9
model are calculated.
• These contributions in tree approximation are shown to be small (∆σ ∼ 0.1 pb, ∆Att¯FB ∼
0.003).
• The scalar doublets S(±)a , Fa may give the significant contributions to the 1-loop gtt¯
effective vertex.
• The lower mass limits for scalar gluons
mF & 320GeV
are obtained from the data on direct searches at Tevatron.
• At mF1 . 990GeV the scalar gluon F1 can be evident at LHC at the significance not less
that 3σ (for L = 10 fb−1).
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